Abstract: Carotenoids and retinoids modulate growth and differentiation of a variety of cell types and are fundamental regulators of development. Endothelial cells play an important role in angiogenesis, which is essential for organogenesis and tissue remodeling, but also inflammatory response or carcinogenesis. Binding to the retinoid (RARs) or rexinoid (RXRs) receptors, all-trans-RA, 13-cis-RA, 9-cis-RA, and synthetic retinoids and rexinoids showed antiangiogenic properties in several models. However, the role of β-carotene in endothelial cell function and angiogenesis is still poorly characterized. Although in our experiments, β-carotene used in nontoxic concentrations (up to 3 µM) had no detectable effect on the proliferation or apoptosis of HUVECs or umbilical-cord-blood-derived endothelial progenitors; β-carotene did not change the tubulogenic activity of cells in an in vitro angiogenesis model, but it potently activated the migration of endothelial and progenitor cells. β-Carotene also promoted the development of microcapillaries in a matrigel plug injected subcutaneously into mice. The analysis of microarray data from endothelial cells revealed that β-carotene modified the expression of genes involved in activation of chemotaxis, cell/cell and cell/matrix adhesion, matrix reorganization, G-protein-regulated intracellular signaling as well as genes involved in the rapid remodeling of the actin cytoskeleton. We conclude that physiological levels of β-carotene stimulate early steps of angiogenic activity of endothelial cells by activation of cellular migration as well as matrix reorganization and reduction of cell adhesion.
INTRODUCTION
Vasculogenesis and angiogenesis play essential roles in a number of physiologic and pathologic events, such as fetal development, vascular remodeling of growth, ischemia, inflammation, diabetic retinopathy, as well as progression of growth and invasiveness of solid tumors [1] . Carotenoids, retinol, and by flow cytometry. The cells were subsequently cultured in EBM medium containing 10 % bovine calf serum with antibiotics. The proangiogenic conditions were achieved by culturing UPCs with VEGF (50 ng ml -1 ) and stem cell factor (SCF: 100 ng ml 1 ) up to 14 days at 37°C in 95 % CO 2 /5 % O 2 humid atmosphere (Jouan IG 150). Changes in the expression of cell surface antigens (CD34, AC133, KDR, VE-cadherin, CD36, CD14/45) were monitored during the culturing period by flow cytometry method. Following the stabilization of expression of the above-listed antigens (day 5 of culturing in proangiogenic conditions), the cells were defined as endothelial progenitor cells (EPCs), and used for the study.
For cell culturing, the 4 mM β-carotene stock solution in tetrahydrofuran (THF) (Sigma) was further diluted in ethanol (1:1 v/v THF/EtOH ratio) to obtain 2 mM concentration. Further dilutions were made with tissue culture medium (EBM). The final concentration of THF/EtOH in the cell culture medium was 0.075 %. HUVECs were incubated with the solvent (0.075 % THF/EtOH) containing medium (as the control) and β-carotene (0.3-10 µM) for 24 h at 37°C in 95 % CO 2 /5 % O 2 humid atmosphere (Jouan IG 150).
␤-Carotene uptake by HUVECs (measured by HPLC)
All solvents used for HPLC (THF, ethanol, tBME (tert-butyl methyl ether) (Sigma) and BHT (2,6-Ditert-butyl-p-cresol) (Sigma) were analytical grade. THF and ethanol were additionally filtered by the aluminum oxide column (Sigma) before use. Following 24-h incubation of HUVECs with the studied compounds, cells were detached by trypsinization and washed three times with Ca +2 -and Mg +2 -free (phosphate-buffered saline) PBS. The cells were counted using a Burker chamber and spinned down. The resulting pellet was frozen (-80 °C) for further analysis. β-Carotene concentration in the cell pellet and stability in the culture medium (lack of spontaneous degradation products) were assessed with the HPLC micromethod developed by Roche Vitamins AG (Kaiseraugust, Switzerland). Briefly, for extraction, 200 µl of acetone (with 0.025 % BHT f.c.) was added to a frozen cell pellet, mixed for 1 min and dried in a vacuum centrifuge under argon (30 min at 50 mbar). 200 µl of the β-carotene extraction solvent (ethanol/THF/tBME 9:1:5, 0.025 % BHT f.c.) were applied to the dried pellet, vigorously mixed, and centrifuged (3 min, 8000 × g, 4°C). The supernatant was used for HPLC.
For the measurement of β-carotene content in the tissue culture medium, 25 µl of the medium was mixed with 225 µl of the above-detailed β-carotene extraction solvent, mixed for 1 min and centrifuged for 3 min at 8000 × g, 4°C. The HPLC sample analysis was isocratically performed on a Vydac 218TP54 column C-18 (Roche) (4.6 × 250 mm) at a constant column temperature 20°C. The sample solvent consisted of ethanol/THF/tBME 9:1:5, 0.025 % BHT f.c. The mobile phase was: acetonitrile/tBME/ammonium acetate (80 mM)/triethylamine (73:20:7:0.05) at a constant flow of 1.5 ml min -1 . Shimadzu SCL-10AVP instrument (Shimadzu, Kyoto, Japan) with the SPD-10AV detector set at 450 nm for the carotenoid's estimation. This HPLC system allows for the detection of 12'-apocarotenal, 8'-apocarotenal, 4'-β-apocarotenal, all-trans-β-carotene, and (Z)-β-carotene. The amount of β-carotene was expressed in picomols per 10 6 cells.
Detection of cellular toxicity and apoptosis
Possible toxic effects of compounds and solvents used in the experiments were assessed by measuring cellular levels of lactic dehydrogenase (LDH) in medium following 24-h incubation (CytoTox 96 NonRadioactive Cytotoxicity Assay, Promega).
For the estimation of apoptosis, the ApoFluor® Green Caspase Activity Assay (ICN Biomedicals, Inc.) was used. This test allows for the measurement of global cellular caspase activity. Proapoptotic staurosporine (1 nM) was used as the positive control for apoptosis. Following incubation with the fluorescent dye (1 h), cells were harvested, washed to remove unbound dye with the Ca +2 -and Mg +2 -free PBS and 1 × 10 6 cells were placed in black microtiter plates (NUNC A/S, Roskilde). The fluorescence was detected using plate reader (Synergy HT, BIO-TEK) and quantitated at 520-nm emission wave-length following the excitation with the 490-nm light. Results were expressed as the percentage of activity detected in the control (incubated with the solvent only) HUVECs and EPCs.
HUVEC and EPC proliferation assay (the bromo-deoxyuridyne (BrdU) incorporation)
In order to determine the effects of β-carotene on HUVEC and EPC proliferation, the rate of DNA synthesis was measured by incorporation of the thymidine analog, bromo-deoxyuridine (BrdU) to DNA. HUVECs or EPCs (5 × 10 4 cells) were incubated with β-carotene for 24 h, as described above, and additionally with BrdU for the last 3 h. Following incubation, cells were fixed and stained with the antiBrdU kit (Roche) according to the manufacturer's recommendations. Proliferation induced by VEGF (0.2 nM) (Sigma) or bFGF (0.5 nM) (Sigma) for 24 h, served as a positive control. The results were presented as the ratio of the control BrdU incorporation to HUVECs incubated in the medium with solvents only.
Migration of cells assay (Boyden's chamber)
HUVECs or EPCs were suspended (10 5 cells/100 µl) in the EBM medium with 0.5 % FBS and seeded into BD Falcon™ FluoroBlok™ inserts (3 µm pore, Becton Dickinson). The inserts containing cells were placed into a 24-well plate with 600 µl of the EBM medium and 0.5 % FBS, and incubated for 24 h at 37°C against β-carotene (3 µM), or 1-phospho-sphingosine (S1P, 500 nM as the positive control) (Sigma) [18] . After 24 h, HUVECs were stained with anti-CD31 antibody conjugated with phycoerythrin (PE) (10 µg ml -1 ) (Becton Dickinson) for 30 min at 37°C. Subsequently, cells in the inserts were washed with the Ca +2 -and Mg +2 -free PBS, and the fluorescence of cells, which had migrated through the pores to the bottom side of the inserts, was measured with a fluorescence plate reader (Synergy HT, BIO-TEK). The changes in intensity of fluorescence in a sample with agents vs. control (cells which migrated against the EBM with solvents only) corresponded to the amount of migrating cells. For the assessment of migrating EPCs, flow-cytometry was used. The chemotactic activity of the cells was expressed as the chemotaxis index (CHI), which represents the ratio of migration stimulated by the studied compound vs. random, unstimulated migration of cells in the solvent (THF/EtOH) control sample.
3D in vitro model of tubulogenesis in matrigel [10]
HUVECs or EPCs were resuspended in matrigel (containing laminin, collagen IV, entactin, heparan sulfate proteoglycans) (Becton Dickinson) to the final concentration of 1 × 10 6 cells ml -1 . The cell-matrigel mixture (50 µl) was placed in the cell culture dishes and incubated in a humidified CO 2 incubator (Jouan) at 37°C for 30 min. Subsequently, the EBM medium (100 µl) supplemented with solvent (control probe), or β-carotene (3 µM) was applied on top of the matrigel with immersed cells and incubated in a humidified CO 2 incubator for 24 h at 37°C. The number of tubules formed in the presence of VEGF (0.2 nM) or bFGF (0.5 nM) served as the positive control. Formation of tubules by cells suspended in matrigel was assessed under the light microscope (at magnitude ×10) and photographed. Lengths of the analyzed tubule-like structures were calculated and expressed as average sum of total length of tubules visible under the light microscope.
two different diet schedules (with or without β-carotene supplementation). β-Carotene-supplemented diet: Kliba 2415 (vitamin A 1400 IU kg -1 β-carotene Beadlet 10 % = 1200 ppm β-carotene). β-Carotene-non-supplemented diet: Kliba 2415 (vitamin A 1400 IU kg -1 Placebo Beadlets = 0 ppm β-Carotene). Female Balb/c mice (n = 6) received subcutaneously sterile injections of 2 × 500 µl matrigel (Becton Dickinson) (dorsally). Parallel matrigel plug contained bFGF (50 nM). Six days later, animals were sacrificed by overdosing urethane anesthesia and the matrigel plugs were removed, fixed, and immersed in paraffin. Immunohistochemistry was performed using routine protocol. Primary anti-CD31 antibody (anti-PECAM-1, BD Pharmingen) at 1:300 dilution were used. The slides were rehydrated and incubated in 3 % peroxide solution for 10 min to block endogenous peroxidase activity. The Streptavidin-Biotin (BD Pharmingen) detection system was used. DAB was used as chromogen. The slides were contra-stained with Mayer hematoxylin (DAKO, Denmark). The amount of capillaries was counted under microscope in five different fields in each of the three slices taken from different parts of each plugs. The number of capillaries detected in slices from the plugs was counted by the specialist-morphologist in the blind manner and expressed as the number of vessels with or without the lumen. The number of separate endothelial PECAM-positive single cells not connected to the capillaries, migrating to matrigel was counted separately.
Protein synthesis (Western blot)
Western blot was used to detect the synthesis of interleukin 8 (IL-8) by HUVECs incubated with the studied compounds.
The cells were rinsed with the Ca +2 -and Mg +2 -free PBS and lysed in Enhanced chemiluminescence, performed according to the manufacturer's instructions (Amersham) was used to demonstrate positive bands, which were visualized after exposure on a transparent medical X-ray film.
Isolation of total RNA
Following 24-h incubation with the studied compounds, total RNA was isolated from cells by the guanidine thiocyanate-caesium chloride method using Trizol (Invitrogen Life Technologies) and purified with the SV total RNA Isolation System Kit (Promega). The quality of RNA was confirmed by denaturing gel electrophoresis and analysis on the Agilent 2100 Bioanalyser (Agilent Technologies).
Microarray Affymetrix HG-U133A hybridization
The aim of the microarray experiments was to screen gene expression pattern changes in response to β-carotene in HUVECs and EPCs. For the microarray hybridization, RNA was reverse transcribed into cDNA with a primer containing the T7 promoter, using Superscript II (Invitrogen Life Technologies). cDNA was used as a template in a biotin-labeled transcription reaction (Enzo BioArray, Affymetrix). The resulting target cRNA was purified on RNeasy columns (QIAGEN) and fragmented for hybridization to Affymetrix HG-U133A GeneChips. Hybridization was done overnight at 45°C for 16 h in the GeneChip Hybridization Oven 640 (Affymetrix). The GeneChips were subsequently processed on the Affymetrix GeneChip Fluidics Workstation 400 according to the EukGE-WS2v4 protocol. The GeneChips were scanned with the Hewlett Packard GeneArray Scanner, and the results analyzed using Affymetrix Microarray Analysis Suit 4.0.
Analysis of the microarray data
Changes in relative gene expression were calculated vs. control (THF/EtOH solvent). Only spots with significant differences in signal intensity (more than 1.4-fold and only when the p-value was at least 0.05) were included in the analysis.
In order to identify genes, which belong to pathways regulated by β-carotene, the search of promotor sequences of the identified genes was performed to detect similarities in transcription factors binding sites. The 4-kb upstream sequences relative to the transcription start site were retrieved from Database of Transcriptional Start Sites DBTSS (http://dbtss.hgc.jp/index.html). Searches of transcription factor binding sites were done using the TRANSFAC database at a default threshold setting of 90 (<http://molsun1.cbrc.aist.go.jp/research/db/TFSEARCH.html>).
cDNA synthesis and quantitative real-time PCR (qRT-PCR)
In order to verify and validate gene expression changes identified in the microarray experiments, quantitative expression analysis of IL-8, CXCR4, VCAM-1, EGR-1, MAD1L1, BIRC5, and MEOX2 was performed by qRT-PCR using GAPDH as the reference gene. For the cDNA synthesis, 1 µg of total RNA was reverse transcribed at 42°C for 50 min in a total volume of 40 µl reaction buffer containing 5 x First Strand Buffer, DTT, oligo(dT) (Sigma), deoxy-NTPs (Promega), and 200 units of SUPER-SCRIPT II reverse transcriptase (Invitrogen Life Technologies). The reaction mixture was heated to 70°C for 15 min and immediately chilled on ice. Subsequently, cDNA was subjected to real-time PCR in a reaction mixture containing QuantiTect SYBR Green PCR (Qiagen) mix and primers. The sequences of the primers used in this study are presented in Table 1 . The primers were designed to include an intervening intron between the sense and antisense primers, thereby eliminating the possibility of amplifying any genomic DNA, and checked for specificity by BLAST searches. All real-time PCR reactions were performed on the DNA Engine Opticon II (MJ Research). The thermal profile included initial denaturation for 15 min at 95°C, followed by 40 amplification cycles: of denaturation for 30 s at 94°C, annealing for 30 s at 60°C, and elongation for 30 s at 72°C. Following PCR amplification, melting curve analysis was performed with a temperature profile slope of 1°C s -1 from 35 to 95°C. A negative control without cDNA template was run with every assay to ensure overall specificity. The expression rates were calculated as the normalized CT difference between a control probe and sample with the adjustment for the amplification efficiency relative to the expression level of the housekeeping gene GAPDH. Calculation was performed using the Calculation Matrix software for PCR Efficiency REST-XL (gene.quantification@wzw.turn.de).
A. DEMBIŃSKA-KIEĆ Table 1 List of primes used for the study (qRT-PCR).
A. Endothelial progenitor cells (EPCs)
Gene mRNA Forward primer Reverse primer symbol sequence
B. Human umbilical vein endothelial cells (HUVECs)
Statistical analysis
Statistical analysis was performed with Microsoft EXCEL 5 software and by one-way ANOVA. All results are expressed as mean values ± standard error of the mean (SEM). All statistical analyses were preceded by tests for normal distribution and homogeneity of variables. Parameters that did not fulfill these tests were logarithmically transformed. Statistical comparisons were made by unpaired t-tests for comparisons of quantitative variables. P < 0.05 was considered significant.
Bioinformatics
Sequence data were assembled and analyzed using promotor sequences retrieved from the Database of Transcriptional Start Sites DBTSS (<http://dbtss.hgc.jp/index.html>) web site transcription factor consensus sequences and databases were accessed using the TRANSFAC (<http://transfac.gbf.de/TRANS-FAC/>) web site. Calculation of real-time PCR reaction efficiency was performed using the program REST-XL (gene.quantification@wzw.turn.de)
RESULTS

Differentiation of the early EPCs
The 14-day incubation, in suspension, of umbilical cord blood AC133 positive cells under proangiogenic conditions (VEGF 50 ng ml -1 , SCF 100 ng ml -1 ) resulted in the changes in expression of surface antigens characteristic for endothelial progenitor (EPC)-like cells (Fig. 1) . The expression of the VEGF receptor KDR remained unchanged, when the expression of VE cadherin (characteristic for the endothelium) [11] was significantly up-regulated. The amount of CD34 and AC133 antigens decreased gradually in accordance with the disappearance of the marker of myeloid cells CD14/45 (Fig. 1) . The significant changes in the antigen expression were seen as soon as 48 h of incubation and stabilized on day 5 (Fig. 1) . Following 5-day incubation with VEGF and SCF, the non-adhering 2 × 10 6 ml -1 cells were used for further experiments.
Uptake of ␤-carotene by HUVECs and EPCs
β-Carotene uptake by cells in culture was concentration-and time-dependent (data not shown). β-Carotene concentration of 3 µM was used for further experiments, since the higher concentrations of β-carotene caused endothelial cell toxicity as evidenced by the LDH leakage from cells (especially EPCs) after 24-h incubation (data not shown).
Effects of ␤-carotene on cell apoptosis
Unlike cells treated with proapoptotic stauroporine (1 nM), no proapoptotic activity measured by caspase activation was detected in HUVECs or EPCs incubated for 24 h with β-carotene (up to 10 µM), as well as with THF/EtOH used as the solvent. However, β-carotene in concentration higher than 10 µM induced cell apoptosis, especially in EPCs (data not shown). 
Effect of ␤-carotene on cell proliferation
Unlike VEGF (0.2 nM) and bFGF (0.5 nM), which stimulated cell proliferation, β-carotene used in the nontoxic concentration (below 10 µM) did not influence HUVEC or EPC proliferation as measured by the BrdU incorporation (Table 2) . Table 2 The lack of influence of β-carotene on cell proliferation (results expressed as the percent of the control BrdU incorporation (mean +/-SD from 5-10 experiments; *p < 0.01 at least vs. control)). Effect of ␤-carotene on cell migration β-Carotene (3 µM) led to a four-fold increase in HUVEC chemotaxis (Fig. 2) ; this response was even higher (six-fold) in EPCs (Fig. 2B ). Sphingosine-1-phosphate (S1P), a potent activator of endothelial cell migration, was used as the positive control to confirm the chemotactic cell potential in our assay.
Control
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β-Carotene and angiogenesis 1527 Fig. 2 The β-carotene-induced chemotaxis of HUVECs and EPCs. Cells were seeded onto upper well membranes of Transwell plate inserts and then placed into wells prefilled with EBM medium with 0.5 % FBS containing the chemoattractant β-carotene 3 µM or sphingosine-1-phosphate (S1P) 500 nM as the positive control for chemotactic activity. After incubation for 24 h, cells that had migrated across micropore inserts (5-µm pore size) to the lower surface of the membranes were stained by anti-human CD31 antibody coupled with phycoerythrin (PE) for HUVEC and by flow-cytometry for EPC. Chemotaxis index: the ratio of stimulated migration divided by that of basal, unstimulated migration of cells in control medium sample. Values are mean values ±SD, n = 3 done in triplicates. *Significantly different from the corresponding control, *P < 0.05, **P < 0.005
Effect of ␤-carotene on tubulogenesis in the 3D matrigel in vitro model
The 3D matrigel assay of tubulogenesis [11] was used to verify the angiogenic property of β-carotene in vitro. Only trace tubulogenic activity was detected in the cells cultured in matrigel covered with medium without factors. VEGF (0.2 nM) and bFGF (0.5 nM) potently increased the number of tubules in matrigel with HUVECs, however not in the EPC suspension. No tubulogenic activity of β-carotene was observed in this in vitro model (Fig. 3) .
Proangiogenic activity of ␤-carotene in the in vivo mouse model
Six-week feeding of mice with β-carotene significantly increased the density of a capillary network (with and without a lumen) in the subcutaneously injected matrigel pad. β-Carotene alone was a potent activator of angiogenesis in vivo, and the presence of bFGF did not augment the effect of β-carotene (Fig. 4) . The group of β-carotene-regulated genes, which code for proteins participating in cell/cell interactions, such as cadherins (CELSR1), catenins (CTNNA1L, CTNNB1), the leukocyte-endothelium adhesion mediating molecules (VCAM1, SELP, CD24) were generally down-regulated by β-carotene. On the contrary, the expression of gene coding for proteins associated with cell-extracellular matrix adhesion, such as integrins (ITGA6), and scavenger receptor SCARB1 were up-regulated.
The expression of gene encoding extracellular matrix-degrading enzymes and stimulators of chemotaxis, which may regulate the matrix-degradation, receptor shading and cell migration, such as ADAMTS1, ADAMTS18, MMP10, MMP12, MMP14, and MMP24 were differentially regulated. Down-regulation of different types of extracellular matrix components, including collagens, fibrillin 1 (FBN1), laminin β1 (LAMB1), matrilin 2 (MATN2), and matrix Gla protein (MGP) was also observed.
The regulation of expression of gene coding for proteins involved in endothelial homing/chemotaxis (IL-8, CXCR-4) was found, too.
Among the proteins participating in intracellular signaling pathways the most evident changes in gene expression were associated with the members of the family G-protein coupled receptors (GPCR), including GPR12, CXCR4, ITGA6, DTR, the Rho-like small GTPase family or their regulators, and secreted factors such as IL-8 and CXCL2.
Following the identification of differentially regulated genes, a detailed promoter analysis of the significantly regulated genes was performed using a database of transcriptional start sites in order to recognize a common transcriptional regulatory network for the reconstitution of up/downstream signalling pathways, possibly influenced by β-carotene in HUVECs. The analysis involved the comparison of promoter sequences retrieved from the Database of Transcriptional Start Sites DBTSS (<http://dbtss.hgc.jp/index.html<) web site transcription factor consensus sequences using the TRANS-FAC database web site (<http://transfac.gbf.de/TRANSFAC/>). The promoter analysis revealed that β-carotene activation was related to transcription factors regulated by the p38 MAP kinase pathway (e.g., STAT, Max, cMyc, Elk1, CHOP, MEF2, ATF2, PPAR, CREB, SP-1, cJUN, cFOS, C/EBPa, and GATA) [44] . Early growth response factor (Egr-1), which was found to mediate expression of EC genes after vascular injury [45] , was the most frequently recognized common transcription factor for β-carotene-regulated genes or for the transcription factors coactivator or target.
Quantitative changes in gene expression measured by qRT-PCR
In order to verify and validate the results of microarray experiments in relation to biological effects of β-carotene, the expression of selected gene was measured with qRT-PCR.
Similar direction of β-carotene regulation (up or down) of genes, whose activity is related to proliferation (MAD1L1, MEOX2) [14] , chemotaxis (IL-8, CXCR-4, VCAM1) [15, 16] , and inhibition of tubulogenesis (MEOX2) was confirmed (Table 3) . Additionally, the β-carotene-induced difference in the EGR-1 gene expression was replicated, since the up-regulation of DR1 and NAB1, inhibitors of the transcription factor EGF-1, an important factor of proangiogenic activity of endothelial cell [17] , was observed (Table 3) , consistent with the results of the microarray experiments. Relatively low basal expression of the β,β-carotene 15,15'-monoxygenase (BCMO, EC 1.13.11.21) in HUVEC was not influenced by β-carotene (measured by qRT-PCR as well as by the microarray assay), suggesting the lack of β-carotene-induced changes of β-carotene catabolism in endothelium (Table 3) .
DISCUSSION
The main outcome of this study is the evidence of β-carotene-induced expression of genes involved in prochemotactic, and, thus, proangiogenic processes in endothelial cells and their progenitors.
Retinoids are a group of natural and synthetic analogs of vitamin A that can inhibit proliferation, promote differentiation, trigger apoptosis, and affect several intracellular signaling pathways through the interactions with the RAR/RXR receptor families [3, 7, 18, 19] . The recent studies indicated that retinoid treatment is associated with inhibition of angiogenesis in in vitro and in vivo models [2] [3] [4] [5] [6] . The synthetic retinoid N-(4-hydroxy-phenyl) retinide: fenretinide (HPR) was shown to decrease tumor vessel density, repressing the release of proangiogeninc VEGF, and matrix metalloproteinase MMP-2 by the tumor cells, as well as reducing endothelial cell proliferation and VEGFR-2 expression. However, unlike 13-cis-RA, fenretinide exerts its activity by both RAR-dependent and RAR-independent pathways. Fenretinide activity results from the activation of RARγ and RARβ, but not RARα. It can also be caused by the activation of acidic sphingomyelinase (ASM), and promotion of ceramide synthesis, which, metabolized to gangliozyde GD3, induces 12-lipoxygenase (12-LOX)-dependent oxidative stress.
Gaetano [20] demonstrated that natural retinoids, all-trans-RA and 9-cis-RA, but not 13-cis-RA induced bFGF production by bovine aortic endothelial cells (BAECs), and exhibited a dose-dependent proangiogenic effect by enhancing BAEC proliferation and differentiation into tubular structures in matrigel. This effect was exclusively related to the activation of RARα, since the treatment with the selective RARα antagonist, RO 41-5253, reversed this effect. They also demonstrated the proangiogenic activity of ATRA in the mouse subcutaneous matrigel plug as well as in the chicken chorioallantoic models [20] . Moreover, proangiogenic activity of retinoids was reported by several other groups [8, 9, 18, 19] .
Thus, the conflicting results regarding the net effect of carotenoids and retinoids on angiogenesis may be explained by different, tissue-specific expression patterns of the RAR/RXR subfamilies, as well as by the non-receptor-related influence on the cellular signaling pathways.
β-Carotene, α-carotene, β-cryptoxanthin lutein, and lycopene belong to the well-characterized concentrations ranging from not detectable to 3-10 µmol l -1 (dependent upon diet and/or supplementation). In our study, the uptake of β-carotene by HUVECs and EPCs was documented by HPLC. This was not related to the increase of the basal expression of β,β-carotene 15,15'-monoxygenase (BCMO), the key enzyme that cleaves β-carotene centrally into two molecules of retinal, the source of retinoic acid or retinol (vitamin A), as evidence by the results of the microarray experiments, and later confirmed by qRT-PCR. Thus, the observed effects of β-carotene may be related to a direct free radical scavenger activity of the molecule, and possible metabolites, mainly retinoic acid, generated by cells. Angiogenesis is a crucial event in the remodeling of tissues of a growing body in embryonic and adult life, female ovulatory cycle, wound healing, tissue ischemia, and inflammatory processes as well as tumor malignancy [1] .
Several pathways, including retinoid signaling, have been implicated in the development of the cardiovascular system in the fetal period. Nutritional deficiency of retinoids, RXR/RAR-or Raldh2-knock-out mice, are characterized by multiple developmental malformations, including severe cardiovascular defects and lack of ophthalmo-mesenteric vessels with disrupted formation of extra-embryonic vessels. However, cellular mechanisms, through which carotenoids/retinoids participate in the assembly of mammalian blood vessels, have not been defined.
Using Raldh2-/-mice, Lai et al. documented that retinoic acid induced the expression of p21 and p27, the Cip/Waf family of Cdk inhibitors controlling cell cycle progression in ECs. Treatment of normal ECs with retinoids had no effect on the expression of cyclins (A, B, D3, and E), and Cdc2 or Cdk2. The same authors demonstrated, using Western blotting, that the formation of cyclin D1 (or D2) and Cdk4 complex was significantly reduced, while those of RA-induced p21 (or p27) and Cdk4, and cyclin D1 and D2 was greatly enhanced in the presence of retinoic acid. Reduced Cdk/cyclinD complex formation resulted in lower levels of phosphorylated retinoblastoma protein (Rb) in RA-treated ECs. Thus, there was no effect in terms of the number of cells (proliferation as similarly observed in our study), but there was significant decrease in the proportion of endothelial cells in phase S and increase in the proportion of cells in phase G1 with no evidence of apoptosis in ECs [57]. We have not observed any measurable effect of β-carotene on EC proliferation or apoptosis across the concentration range we used. Results of the microarray experiments showed weak β-carotene-induced up-regulation of key molecules participating in cell cycle regulation, such as MCM-5, polo-like kinase Plk1, or NUCKS controlling the G2/M checkpoint.
Although the analysis of the microarray data revealed strong (6.5-fold) β-carotene-induced upregulation of the apoptosis facilitator Bcl2L11, a member of the Bcl2 family, we did not observe any changes in the rate of apoptosis in the cells as measured by the caspase activity. The direction of the surviving expression change observed in the microarray expression data was in accordance with the qRT-PCR results.
Thus, the proangiogenic activity of β-carotene in HUVECs, and possibly EPCs, seems to be unrelated to proliferation (or inhibition of apoptosis) [21] , but associated with potent activation of chemotaxis and changes in the expression of genes mediating cell adhesion and matrix assembly. The results of the microarray experiments in our model strongly support this hypothesis. We demonstrated changes in the expression of several genes coding for proteins playing important roles in cell/cell and cell/matrix adhesion, matrix proteins and proteases, which regulate cell/matrix interaction during angiogenesis [1, 7] . The list of the β-carotene-responsive genes includes those coding for proteins participating in cell/cell adhesion (VCAM1, SELP, CD24), cadherins (CELSR1), and catenins (CTNNA1L, CTNNB1). Expression of these genes was mainly down-regulated by β-carotene. The down-regulation of VCAM-1, ICAM, and selectin E by carotenoids, including β-carotene, in human aortic endothelium stimulated with Il-1β was suggested to be responsible for modulation of the inflammatory response, and may prove the anti-inflammatory, protective effect of β-carotene on endothelium.
The expression of gene coding for proteins associated with cell-extracellular matrix adhesion, such as integrins (ITGA6) and SCARB1, was up-regulated by β-carotene. Members of extracellular ma-trix-degrading enzymes involved in the regulation of matrix degradation and promotion of cell migra
In spite of the fact that the cell fate determinant Jagged-1 and Notch-4 genes were down-regulated, which is an argument for the promotion of the differentiation [33] , the effect of β-carotene on the vWF expression and eNOS, markers of endothelial cell maturation [34] , was almost none. The lack of β-carotene influence on the tubulogenesis in the in vitro 3D matrigel model is consistent with the lack of activation of EPC differentiation by β-carotene.
Another clue for the incomplete differentiation of EPCs into endothelial cells was the lack of the PECAM1 up-regulation in response to β-carotene (data not shown [24, 25] . It was demonstrated that PECAM1-induced cell/cell interactions are necessary for the organization of endothelial cells into tubules. Moreover, PECAM1 was also shown to be essential for the bFGF-induced angiogenesis [35] .
The stimulation of CD36 and thrombospondin gene expression by β-carotene may also help explain the lack of tubulogenic activity of β-carotene, since activation of CD36 by TSP-1 was found to inhibit angiogenesis [36] .
β-Carotene, similarly to other carotenoids, is a potent scavenger of free radicals, protecting against cell damage during oxidative stress [37] . The down-regulation of BAX, and up-regulation of HO-1 genes by β-carotene ( [38] , this issue) confirm the protective activity of β-carotene toward endothelial progenitors. Hem oxygenase 1 shows protective properties against the hem-mediated oxygenradical cellular stress. It also exerts anti-inflammatory effects and was shown to be involved in angiogenesis. In summary, we postulate that the originally observed proangiogenic activity of β-carotene is related to the activation of chemotaxis of endothelial cells as well as endothelial progenitors. The effect of β-carotene on gene expression assessed by the gene expression microarrays is moderate. However, we observed changes in expression of genes supporting the involvement of β-carotene in the regulation of the extracellular matrix and adhesion molecules synthesis, resulting in a potent activation of Rho/Rac/Cdc42 GTPase signaling pathway, which in turn may promote the migration and in vivo formation of immature capillary networks by endothelial cells and their progenitors.
